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GEL DOSIMETER FOR MEASURING
RADIATION DOSE

TECHNICAL FIELD

The present invention relates to a gel dosimeter used for
a radiation dosimeter. More particularly, the present inven-
tion relates to a polymer gel dosimeter for radiation dosim-
etry to verily a three-dimensional dose distribution 1n a
radiation therapy regimen for cancer, etc.

BACKGROUND ART

Radiation therapies for cancer that have been introduced
include high-precision therapies, such as stereotactic radia-
tion therapy (SRT); 1.e., pmpoint radiation therapy, and
intensity modulated particle therapy (IMPT), which can
achieve three-dimensional setting of an 1wrradiation field
along the contour of a cancer by changing a dose intensity
in the same irradiation field. In such a therapy, the integrated
value (1.e., dose distribution) of the amount of microscopic
energy applied to each three-dimensional position of the
target 1s precisely adjusted. A particle beam therapy has also
been performed, which utilizes charged particle beams with
high dose concentration, such as proton beams or heavy
particle beams (e.g., carbon beams or neon beams). The
particle beam therapy 1s advantageous in that a tumor can be
treated through control of the position of radiation exposure
and the dose of radiation with higher precision than a
conventional X-ray therapy. The particle beam therapy 1is
required to properly release energy from particle beams at
the position of a target (e.g., a lesion 1n a living tissue) and
also to have as little eflect as possible on a normal tissue
around the target. For these purposes, the radial spread of
particle beams and the position of the Bragg peaks of
particle beams are controlled with respect to the target
position 1n the wrradiated body.

In a practical radiation therapy regimen, the dose distri-
bution 1s optimized at each three-dimensional position 1n a
living tissue. In a typical therapy regimen, the dose distri-
bution (radiation doses to each position) 1n the target tissue
1s varied in accordance with the purpose of the therapy, as
well as the influence of the radiation on the surrounding
normal tissues 1s reduced, and the influence of the radiation
on an organ at risk 1s also reduced to a minimum possible
level. In order to achieve such a complicated-shaped dose
distribution, beams may be precisely controlled and 1rradi-
ated from multiple directions. This control 1s performed with
a filter or a collimator (e.g., a range shifter, a multi-leaf
collimator, or a bolus) that 1s adjusted 1n accordance with the
irradiated body. In order to realize highly controlled radia-
tion therapy, advanced quality assurance and quality control
(heremaftter abbreviated as “QA/QC”) are required for the
entire device including a radiation exposure device, an
auxiliary, a filter, a collimator, etc., and for the 1rradiation
process by such a device.

Such a therapy regimen and the QA/QC of various
devices require a technique capable of appropriately inte-
grating and actually measuring the amount of energy applied
by a large amount of iomizing radiations incident from
different directions at various acceleration energies. This 1s
because, 1f the amount of energy applied can be integrated
and the dose can be measured precisely at each position, the
three-dimensional distribution of the amount of energy
applied (dose distribution), which supports the aforemen-
tioned QA/QC, can be measured. For this purpose, a one-
dimensional, two-dimensional, or pseudo three-dimensional
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(placement of a detector on an orthogonal plane or a
cylinder) dosimeter, such as an 1onization chamber dosim-
cter, a film, or a semiconductor detector, has conventionally
been used. In such a dosimeter, the aforementioned dose
distribution with respect to one-dimensional or two-dimen-
sional coordinates 1s actually measured 1n the region where
particle beams are aligned with the target position. In recent
years, besides these dosimeters, attention has been paid to a
gel dosimeter capable of measuring a three-dimensional
dose distribution with use of the measurement principle of a
chemical dosimeter. The use of a gel dosimeter 1s advanta-
geous 1n that the amount of energy applied by radiation at
cach position of water (1.¢., a material that can be regarded
as equivalent to a living organism) can be accurately mea-
sured; 1.e., the influence of radiation can be measured 1n a
bioequivalent substance or a water-equivalent substance.
The gel dosimeter can acquire a three-dimensional dose
distribution while the dosimeter itself 1s used as a solid
phantom.

Hitherto reported gel dosimeters capable of measuring a
three-dimensional dose distribution include a Fricke gel
dosimeter (Patent Document 1), a polymer gel dosimeter
(Patent Documents 2 and 3), and a dye gel dosimeter. A
Fricke gel dosimeter 1s composed of a gel contaiming a
solution (an aqueous solution containing ferrous sulfate) of
a Fricke dosimeter known as a liquid chemical dosimeter,
and utilizes absorbed-dose-proportional enhancement of
oxidation reaction (from divalent to trivalent) of iron (col-
oring) in association with radiation exposure. Meanwhile, a
polymer gel dosimeter 1s prepared by dispersion of a mono-
mer 1 a gel. In the polymer gel dosimeter, a polymer 1s
formed 1n a dose-proportional manner upon radiation expo-
sure, and the relaxation time of water changes 1n the
irradiated portion. Thus, the dose can be estimated through
reading by MRI (magnetic resonance imaging). Also, por-
tions that have become clouded by radiation exposure can be
detected with an optical CT device. The polymer produced
by radiation exposure 1s less likely to be diffused 1n the gel,
and clouding 1s stable over time. In addition, the clouded
portions seem to tloat 1n the transparent gel. Therefore, the
polymer gel dosimeter 1s characterized by 1ts superior visu-
ality.

Hydrogels produced by using glucose and glucose oxi-
dase as deoxygenating agents have been reported (Non-
Patent Document 1).

PRIOR ART DOCUMENTS

Patent Documents

Patent Document 1: JP 2014-209093 A
Patent Document 2: JP 5590526 B
Patent Document 3: JP 2014-1835969 A

Non-Patent Documents

Non-Patent Document 1: Nature Matenals (2016), 15, 413-
418

SUMMARY OF THE INVENTION

Problems to be Solved by the Invention

A conventional polymer gel dosimeter contains a water-
soluble polymerizable monomer such as methacrylic acid or
acrylamide. Since the polymerization reaction of such a
polymerizable monomer 1s inhibited by the presence of



US 11,971,510 B2

3

oxygen (O,) 1n the reactant, the reaction generally involves
deoxygenation treatment. Although a conventional polymer

gel dosimeter contains a deoxygenating agent such as tet-
rakis(hydroxymethyl)phosphonium chloride, sodium ascor-
bate, or copper sulfate, such a deoxygenating agent fails to
exhibit sutlicient effects. Thus, a more eflective deoxygen-
ation treatment technique has been required for a polymer
gel dosimeter.

A polymer gel dosimeter 1s read by MRI after radiation
exposure. Although radiation exposure and MRI are per-
formed at room temperature, a conventional gel dosimeter
must be stored 1n a refrigerator when it 1s not subjected to
these operations. Thus, a conventional gel dosimeter poses
a problem that 1t cannot be stored at room temperature.
Hydrogel 1s a material that can be used as a refrigerant, and
it takes several hours to one night for bringing 1t back to
room temperature from a refrigerated state. Thus, hydrogel
faces a problem that, for example, 1t must be taken out of a
reirigerator the day before use.

Means for Solving the Problems

The present inventors have conducted extensive studies
on an elflective deoxygenation treatment for a gel dosimeter,
and as a result have found that the deoxygenation can be
performed by a method involving the addition of glucose
and glucose oxidase. The present invention has been accom-
plished on the basis of this finding.

Accordingly, a first aspect of the present invention 1s a gel
dosimeter for radiation dosimetry comprising a radically
polymerizable monomer, a gelator, glucose, and glucose
oxidase.

A second aspect of the present invention 1s the gel
dosimeter for radiation dosimetry according to the {first
aspect, wherein the gelator 1s one or more selected from the
group consisting ol gelatin, agarose, xanthan gum, carra-
geenan, gellan gum, chitosan, and alginic acid, and sodium,
potassium, magnesium, and calcium salts thereotf, including,
partially neutralized products thereof.

A third aspect of the present invention 1s the gel dosimeter
for radiation dosimetry according to the first aspect, wherein
the gelator contains polyvinyl alcohol and glutaraldehyde or
borax.

A fourth aspect of the present invention 1s the gel dosim-
cter for radiation dosimetry according to the first aspect,
wherein the gelator contains a water-soluble organic poly-
mer (A) having an organic acid structure, an organic acid salt
structure, or an organic acid anion structure, a silicate salt
(B), and a dispersant (C) for the silicate salt.

A fifth aspect of the present invention 1s the gel dosimeter
for radiation dosimetry according to the fourth aspect,
wherein the water-soluble organic polymer (A) 1s a com-
pletely neutralized or partially neutralized polyacrylic acid
salt having a weight average molecular weight of 1,000,000
to 10,000,000, or a mixture thereof.

A sixth aspect of the present invention 1s the gel dosimeter
for radiation dosimetry according to the fourth or fifth
aspect, wherein the silicate salt (B) 1s one or more water-
swellable silicate salts selected from the group consisting of
smectite, bentonite, vermiculite, and mica.

A seventh aspect of the present mmvention 1s the gel
dosimeter for radiation dosimetry according to any one of
the fourth to sixth aspects, wherein the dispersant (C) 1s one
or more selected from the group consisting of sodium
orthophosphate, sodium pyrophosphate, sodium tripoly-
phosphate, sodium tetraphosphate, sodium hexametaphos-
phate, sodium polyphosphate, sodium etidronate, sodium
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poly(meth)acrylate, ammonium poly(meth)acrylate, a
sodium acrylate/sodium maleate copolymer, an ammonium
acrylate/ammonium maleate copolymer, sodium hydroxide,
hydroxylamine, sodium carbonate, sodium silicate, polyeth-
ylene glycol, polypropylene glycol, sodium humate, sodium
ligninsulfonate, and potassium salts corresponding to these
salts.

An eighth aspect of the present invention 1s the gel
dosimeter for radiation dosimetry according to any one of
the first to seventh aspects, wherein the radically polymer-
1zable monomer 1s a water-soluble polymerizable monomer.

A ninth aspect of the present invention 1s the gel dosimeter
for radiation dosimetry according to any one of the first to
cighth aspects, wherein the gel dosimeter further comprises
a water-soluble polyfunctional acrylamide monomer as a
crosslinking agent.

A tenth aspect of the present invention 1s the gel dosimeter
for radiation dosimetry according to any one of the first to
ninth aspects, wherein the gel dosimeter further comprises
water-dispersible 1organic microparticles as a sensitizer.

An eleventh aspect of the present mvention 1s the gel
dosimeter for radiation dosimetry according to any one of
the first to tenth aspects, wherein the gel dosimeter further
comprises, as a stabilizer, a polymerization inhibitor, a
radical scavenger, or an antioxidant.

A twellth aspect of the present invention 1s the gel
dosimeter for radiation dosimetry according to any one of
the first to eleventh aspects, wheremn the gel dosimeter
turther comprises a bufler.

A thirteenth aspect of the present invention 1s the gel
dosimeter for radiation dosimetry according to the twellith
aspect, wherein the bufler 1s one or more selected from the
group consisting of phosphoric acid, citric acid, acetic acid,
boric acid, tartaric acid, salts of these, Tris, and HEPES.

"y

‘ects of the Invention

[T

The gel dosimeter of the present invention prepared
through deoxygenation treatment exhibits an excellent
deoxygenation eflect, as compared with a deoxygenating
agent widely used 1n conventional gel dosimeters, such as
tetrakis(hydroxymethyl)phosphonium  chloride, sodium
ascorbate, or copper suliate.

The gel dosimeter of the present invention prepared
through deoxygenation treatment may involve the use of
various gelators, including widely used gelatin or agarose, a
water-soluble organic polymer, a hydrogel containing a
silicate salt and a dispersant for the silicate salt, and a
hydrogel containing polyvinyl alcohol and glutaraldehyde or
borax.

The gel dosimeter of the present invention prepared
through deoxygenation treatment can be stored at room
temperature without the need for refrigerated storage before
and after a polymernzation reaction unlike conventional
cases.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graph showing the correlation between AR,
and 1rradiated X-ray dose i Examples 1 and 2.

FIG. 2 shows the state of a dosimeter after X-ray 1rradia-
tion 1n Example 1; 1.e., the state after irradiation o1 0, 0.5, 1,
3, 5, and 7 Gy ({rom left to right).

FIG. 3 shows the state of a dosimeter after X-ray 1rradia-
tion 1n Example 2; 1.e., the state after irradiation o1 0, 0.5, 1,

3, 5, and 7 Gy (from left to right).
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FIG. 4 1s a graph showing the correlation between AR,
and 1rradiated X-ray dose 1n Example 3 after one day and
after two weeks.

FIG. 5 1s a graph showing the correlation between AR,
and 1rradiated X-ray dose in Comparative Example 1 after
one day and after two weeks.

MODES FOR CARRYING OUT TH
INVENTION

L1

The gel dosimeter of the present invention contains, as
components, a deoxygenating agent, a gelator, a crosslinking
agent, and a radically polymerizable monomer. If necessary,
the gel dosimeter may contain, besides the aforementioned
components, an additional component such as a sensitizer or
stabilizer, so long as the intended eflects of the present
invention are not impaired.

[Deoxygenating Agent]

The deoxygenating agent may be a combination of glu-
cose and glucose oxidase. The amount of glucose 1s 0.01%
by mass to 10% by mass, preferably 0.1% by mass to 5% by
mass, more preferably 0.5% by mass to 3% by mass, relative
to 100% by mass of the gel dosimeter. The titer of glucose
oxidase 1s 10 units/g to 1,000,000 units/g, prefterably 100
units/g to 500,000 units/g, more preferably 1,000 units/g to
300,000 units/g, wherein 1 unit corresponds to the amount
required for oxidizing 1.0 umol of -D-glucose into D-glu-
conolactone and hydrogen peroxide within one minute at
25° C. and pH 7.0. The amount of glucose oxidase 1s 0.1
ppm to 10,000 ppm, preferably 0.5 ppm to 5,000 ppm, more
preferably 1 ppm to 1,000 ppm, relative to 100% by mass of
the gel dosimeter. Catalase may also be added to decompose
hydrogen peroxide generated during glucose oxidation. The
optimal pH for glucose oxidase 1s 5 to 7, and a bufler may
be added 11 desired. Examples of the bufler include phos-
phoric acid, citric acid, acetic acid, boric acid, tartaric acid,
salts of these, Tris, and HEPES.

|Gelator]

The gelator used may be one which gelates at room
temperature, 1s at such a level that 1t can be used 1 a gel
dosimeter, and does not imhibit the radical polymerization of
a radically polymerizable monomer by radiation exposure. A
gelator used 1n a polymer gel dosimeter may be used.

Examples of the gelator include gelatin, agarose, xanthan
gum, carrageenan, gellan gum, chitosan, and alginic acid,
which are natural polymers derived from animals and plants,
and sodium, potassium, magnesium, and calcium salts
thereol, including partially neutralized products thereof; a
gel-Torming composition containing a water-soluble organic
polymer (A) having an organic acid structure, an organic
acid salt structure, or an organic acid anion structure, a
silicate salt (B), and a dispersant (C) for the silicate salt; and
a gel-forming composition containing polyvinyl alcohol and
glutaraldehyde or borax.

The amount of the natural polymer 1s 0.01% by mass to
30% by mass, preferably by mass to 20% by mass, relative
to 100% by mass of the gel dosimeter.

Examples of the water-soluble organic polymer (A) hav-
ing an organic acid salt structure or an organic acid anion
structure include water-soluble organic polymers having a
salt structure or anion structure of an organic acid group
such as a carboxyl group, a sulfonyl group, or a phosphonyl
group.

Examples of the water-soluble organic polymer include
those having a carboxyl group, such as salts of poly(meth)
acrylic acid, carboxyvinyl polymer, and carboxymethylcel-
lulose; those having a sulfonyl group, such as salts of
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polystyrene sulfonic acid; and those having a phosphonyl
group, such as polyvinyl phosphonates. Preferred 1s a salt of
polyacrylic acid.

The water-soluble organic polymer (A) has a weight
average molecular weight of preferably 1,000,000 or more

and 10,000,000 or less, for example, 2,500,000 or more and
or less.

-

T'he water-soluble organic polymer (A) preferably has a
linear-chain structure and has neither a branched structure

nor a chemically crosslinked structure.

The water-soluble organic polymer (A) having an organic
acid structure may be a completely neutralized or partially
neutralized polymer having an organic acid group.

Examples of the organic acid salt structure include
sodium salts, ammonium salts, potassium salts, and lithium
salts of organic acid groups.

Examples of the organic acid anion structure include
structures formed by dissociation of cations from organic
acid groups or organic acid salts.

The water-soluble organic polymer (A) may be, for
example, a completely neutralized or partially neutralized
organic polymer having an organic acid group, or a mixture
of such polymers.

The water-soluble organic polymer (A) 1s, for example,
completely neutralized or partially neutralized linear-chain
sodium polyacrylate.

The amount of the aforementioned water-soluble organic
polymer (A) 1s 0.01% by mass to 20% by mass, preferably
0.05% by mass to 10% by mass, relative to 100% by mass
of the gel dosimeter.

Examples of the aforementioned silicate salt (B) include
particles of water-swellable silicate salts, such as smectite,
bentonite, vermiculite, and mica. The silicate salt (B) pret-
erably forms a colloid with water or a water-containing
liquid serving as a dispersion medium.

Primary particles of the silicate salt are in, for example, a
disc-like, plate-like, spherical, particulate, cubic, acicular,
rod-like, or amorphous form. For example, the silicate salt
1s preferably in the form of disk-like or plate-like particles
having a diameter of 5 nm to 1,000 nm. Specific examples
of the silicate salt include layered silicate salts. Examples of

readily available commercial products include LAPONITE
XLG (synthetic hectorite), LAPONITE XLS (synthetic hec-
torite containing sodium pyrophosphate as a dispersant),

LAPONITE XL21 (sodium magnesium {fluorosilicate),
LAPONITE RD (synthetic hectorite), LAPONITE RDS
(synthetic hectorite containing an inorganic polyphosphate

salt as a dispersant), and LAPONITE 5482 (synthetic hec-
torite containing sodium etidronate as a dispersant) available
from BYK Additives & Instruments; KUNIPIA (montmoril-
lonite), SUMECTON SA (synthetic saponite), SUMECTON
ST (synthetic saponite), SUMECTON SWN (synthetic
smectite), and SUMECTON SWF (synthetic smectite) avail-
able from Kunimine Industries Co., Ltd.; and BEN-GEL
(purtfied product of natural bentonite) available from
HOJUN Co., Ltd.

The amount of the aforementioned silicate salt (B) 1s
0.01% by mass to 20% by mass, preferably 0.05% by mass
to 10% by mass, relative to 100% by mass of the gel
dosimeter.

The dispersant (C) for the silicate salt may be a dispersant
or deflocculant used for the purpose of improvement of the
dispersibility of a silicate salt or exifoliation of a layered
silicate salt. The dispersant (C) may be, for example, a
phosphate salt dispersant, a carboxylate salt dispersant, a
dispersant acting as an alkali, or an organic detlocculant.
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Examples of the phosphate salt dispersant include sodium
orthophosphate, sodium pyrophosphate, sodium tripoly-
phosphate, sodium tetraphosphate, sodium hexametaphos-
phate, sodium polyphosphate, and sodium etidronate.
Examples of the carboxylate salt dispersant include sodium
poly(meth)acrylate, ammonium poly(meth)acrylate, sodium
acrylate/sodium maleate copolymers, and ammonium acry-
late/ammonium maleate copolymers. Examples of the dis-
persant acting as an alkali imnclude sodium hydroxide and
hydroxylamine. Examples of the dispersant that reacts with
a polyvalent cation to form an insoluble salt or a complex
salt include sodium carbonate and sodium silicate. Examples
of the organic detlocculant include polyethylene glycol,
polypropylene glycol, sodium humate, and sodium lignin-
sulfonate. Other examples include phosphate salt dispersants
such as potassium salts. Preferably, the phosphate salt dis-
persant 1s sodium pyrophosphate; the carboxylate salt dis-
persant 1s low-polymerization sodium polyacrylate having a
welght average molecular weight o1 1,000 to 20,000; and the
organic detlocculant 1s polyethylene glycol (e.g., PEG 900).

The low-polymerization sodium polyacrylate 1s known to
act as a dispersant through, for example, a mechanism by
which the low-polymerization sodium polyacrylate interacts
with silicate salt particles to generate carboxy anion-derived
negative charges on the surfaces of the particles, to thereby
disperse the silicate salt by charge repulsion.

The amount of the dispersant (C) 1s 0.01% by mass to
20% by mass, preferably by mass to 10% by mass, more
preferably 0.5% by mass to 5% by mass, relative to 100% by
mass of the gel dosimeter.

When the silicate salt used 1s 1n the form of a product
contaiming a dispersant, the dispersant 1s not necessarily
turther added.

As described above, one example of the gelator 1s a
gel-Torming composition containing polyvinyl alcohol and
glutaraldehyde or borax. The polyvinyl alcohol has a degree
of polymerization of 10 to 8,000, preferably 100 to 5,000,
more preferably 500 to 3,000, and a degree of saponification
of 80% to 99%, preferably 88% to 99%.

|Crosslinking Agent]

The crosslinking agent 1s preferably a water-soluble
polyfunctional acrylamide monomer, 1n particular, N,N'-

methylenebisacrylamide, FAM-301, FAM-401, and FOM-
03006 (available from FUIIFILM Wako Pure Chemical
Corporation). The amount of the crosslinking agent 1s 0.01%
by mass to 20% by mass, preferably 0.1% by mass to 10%
by mass, more preferably 0.5% by mass to 5% by mass,
relative to 100% by mass of the gel dosimeter.

[Radically Polymerizable Monomer]

The gel dosimeter for radiation dosimetry of the present
invention may contain a radically polymerizable monomer
utilizing a mechanism by which radicals are generated in the
monomer through radiation exposure, and the degree of
polymerization through reaction caused by the radicals
corresponds to the dose. Thus, the gel dosimeter of the
present invention contains a radiation dosimetry gel as a
material for radiation dosimetry.

| Water-Soluble Polymerizable Monomer]

The aforementioned radically polymerizable monomer
may be a water-soluble polymerizable monomer.

Examples of the water-soluble polymerizable monomer
include compounds having an acrylic structure or a vinyl
structure.

Examples of the water-soluble polymerizable monomer
include (meth)acrylic acid, (meth)acrylamide, hydroxyethyl
(meth)acrylate, N,N-dimethyl(meth)acrylamide, N,N-di-
cthyl(meth)acrylamide, 4-(meth)acryloylmorpholine, N-vi-
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nylpyrrolidone, and N-vinylacetamide. The aforementioned
water-soluble polymerizable monomers may be used alone
or in combination of two or more species. The amount of the
water-soluble polymerizable monomer 1s 0.01% by mass to
30% by mass, preferably 0.1% by mass to 20% by mass,
more preferably 0.5% by mass to 15% by mass, relative to
100% by mass of the gel dosimeter.

[Sensitizer]

The gel dosimeter may contain a magnesium salt or
water-dispersible morganic microparticles having the effect
of enhancing radiation sensitivity. The enhancement of
radiation sensitivity by a magnesium salt 1s disclosed 1n the
literature (Radiological Physics and Technology (2018) 11:
3'75-381). Examples of the magnesium salt include magne-
sium chloride and magnesium sulfate. The amount of the
magnesium salt 1s 0.1% by mass to 50% by mass, preferably
0.5% by mass to 25% by mass, more preferably 1% by mass
to 10% by mass, relative to 100% by mass of the gel
dosimeter. Examples of the water-dispersible 1norganic
microparticles include silica sol, alumina sol, and zircoma
sol. Examples of readily available commercial products
include SNOWTEX (silica sol, available from Nissan
Chemical Corporation), SILICADOL (silica sol, available
from NIPPON CHEMICAL INDUSTRIAL CO., LTD.), and
Quartron (silica sol, available from FUSO CHEMICAL
CO., LTD.). The amount of the water-dispersible 1norganic
microparticles 1s 0.01% by mass to 50% by mass, preferably
0.05% by mass to 10% by mass, more preferably 0.1% by
mass to 5% by mass, relative to 100% by mass of the gel
dosimeter.

[Stabilizer]

The gel dosimeter may contain a stabilizer for preventing
deterioration or deactivation of the dosimeter before radia-
tion exposure. Examples of the stabilizer include a polym-
erization inhibitor, a radical scavenger, and an antioxidant,
such as hydroquinone, 4-methoxyphenol, and N,N'-di-
1sobutyl-p-phenylenediamine. The amount of the stabilizer
1s 0.1 ppm to 10,000 ppm, preferably 1 ppm to 5,000 ppm,
more preferably 10 ppm to 3,000 ppm, relative to 100% by
mass of the gel dosimeter.

| Production Method for Gel Dosimeter and Gel (Gelator)]

No particular limitation 1s imposed on the production
methods for the gel dosimeter and gel of the present inven-
tion. For example, a homogeneous solution or a transparent
dispersion may be prepared by mixing a monomer that can
be polymerized through radiation exposure and a gelator in
predetermined proportions, and mixing the resultant mixture
with a crosslinking agent, a sensitizer, and, if desired, an
additional component such as a deoxygenating agent, a
stabilizer, or a bufler.

Each component may be used after being dissolved or
dispersed 1n a solvent as appropriate. No particular limita-
tion 1s imposed on the solvent, so long as 1t can dissolve or
homogeneously disperse the respective components of the
gel dosimeter. The solvent 1s preferably water. Water may be
mixed with an aqueous solvent such as methanol, ethanol,
1sopropanol, or glycerol.

When the gelator used 1s a gel-forming composition
containing the components (A) to (C), the gel dosimeter may
be produced by the following method. For example, two of
the components (A) to (C) are mixed to thereby prepare a
homogeneous solution, and then the remaining component
and a monomer are added to the solution. Thereafter, the
resultant mixture 1s mixed with a crosslinking agent, a
sensitizer, and, 1f desired, an additional component such as
a deoxygenating agent or a stabilizer, to thereby prepare a
homogeneous solution.
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Alternatively, the gel dosimeter may be produced by the
following method. For example, an aqueous dispersion
contaiming the components (B) and (C) and water 1s added
to an aqueous solution containing the component (A), a
monomer that can be polymerized through radiation expo-
sure, a crosslinking agent, a sensitizer, an additional com-
ponent (1f desired), and water, and the resultant mixture 1s
heated as appropnate, to thereby prepare a homogeneous
solution.

When the gelator used is a natural polymer derived from
an animal or a plant, the gel dosimeter may be produced by
the following method. For example, a monomer that can be
polymerized through radiation exposure, a natural polymer,
a crosslinking agent, a sensitizer, and an additional compo-
nent (1f desired) are added to water, and the resultant mixture
1s heated as appropriate, to thereby prepare a homogeneous
solution.

Examples of the method for mixing the respective com-
ponents include mechanical or manual stirring, ultrasonic
stirring, and continuous mixing by line mixing. In particular,
mechanical stirring and continuous mixing are preferred.

The mechanical stirring may be performed with, for
example, a magnetic stirrer, a propeller-type stirrer, a plan-
etary centrifugal mixer, a disper, a homogenizer, a shaker, a
vortex mixer, a ball mill, a kneader, or an ultrasonic oscil-
lator. Of these, a planetary centrifugal mixer i1s preferably
used. The continuous mixing may be performed with, for
example, Line Mixer (available from Satake Multimix Cor-
poration), In-Line Mixer (available from Silverson Nippon
Limited), Vibro Mixer (available from REICA Co., Ltd.),
Static Mixer (available from, for example, Noritake Co.,
Limited, Japan Flow Controls, Co., Ltd., or Sanyo Seiki Co.,
Ltd.), Spiral Mixer (available from Japan Flow Controls,
Co., Ltd.), FlowMix (available from Mountech Co., Ltd.), or
Square Mixer (available from Sakura Seisakusho Ltd.). Of
these, Static Mixer 1s preferably used.

The temperature during mixing 1s, for example, the freez-
ing point to the boiling point of the aqueous solution or the
aqueous dispersion, preferably -5° C. to 100° C., more
preferably 0° C. to 50° C.

Although the mixture has low strength and 1s 1n the form
of sol immediately after completion of the mixing, the
mixture gelates after being allowed to stand still. The
mixture 1s preferably allowed to stand still for two hours to
100 hours. The mixture 1s allowed to stand still at a tem-
perature ol —=5° C. to 100° C., preferably 0° C. to 30° C.

A preferred combination of the aforementioned water-
soluble organic polymer (A), the silicate salt (B), and the
dispersant (C) for the silicate salt 1s, for example, a combi-
nation containing the component (A): completely neutral-
1zed or partially neutralized linear-chain sodium polyacry-
late having a weight average molecular weight of 2,500,000
or more and 5,000,000 or less (0.05% by mass to 10% by
mass), the component (B): water-swellable smectite or
saponite (0.05% by mass to 10% by mass), and the com-
ponent (C): sodium pyrophosphate or sodium etidronate
(0.5% by mass to 5% by mass) or sodium polyacrylate
having a weight average molecular weight of 1,000 or more
and 20,000 or less (0.5% by mass to 5% by mass).

[Radiation Dosimeter]

The gel dosimeter of the present invention 1s suitable for
a material for radiation dosimetry. Thus, the radiation
dosimetry gel can be charged into a container and used as a
radiation dosimeter, for example, a phantom. No particular
limitation 1s 1mposed on the container, so long as 1t is
insensitive to MRI, allows radiation to transmit there-
through, and has, for example, solvent resistance and air-
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tightness. Preferred examples of the material of the container
include glass, PET, polyethylene, polypropylene, acrylic
resin, polyester, and ethylene-vinyl alcohol copolymers.
When the container 1s transparent, a three-dimensional dose
distribution can be measured not only with MRI, but also
with optical CT capable of three-dimensional measurement
of degree of clouding. After the container 1s charged with the
gel, the nside of the container may be replaced with, for
example, nitrogen gas.

The gel dosimeter of the present invention prepared
through deoxygenation treatment exhibits superior storage
stability at room temperature. The gel dosimeter of the
present invention exhibits an excellent deoxygenation effect
and superior storage stability at room temperature, as com-
pared with a widely used conventional gel dosimeter con-
taining, as a deoxygenating agent, tetrakis(hydroxymethyl)
phosphomium chloride, sodium ascorbate, copper suliate,
etc. While such a conventional gel dosimeter 1s mnactivated
alter two weeks of room temperature storage, the gel dosim-
cter provided by the present invention undergoes no change
in X-ray 1rradiation sensitivity even alter two weeks of room

temperature storage.

EXAMPLES

The present invention will next be described 1n detail by
way ol Examples, but the present invention should not be
construed as being limited to the Examples.

Production Example 1: Production of Aqueous
Dispersion of Silicate Salt

144 parts of SUMECTON SWF (available from
Kunimine Industries Co., Ltd.) was mixed with 1.5 parts of
disodium etidronate hydrate (available from Tokyo Chemi-
cal Industry Co., Ltd.) and 84.1 parts of water, and the
mixture was stirred at 25° C. until a homogeneous aqueous
dispersion was prepared, to thereby produce a target prod-
uct.

Production Example 2: Production of Aqueous
Solution of Highly-Polymerized Sodium
Polyacrylate

4 parts of highly-polymerized sodium polyacrylate (avail-
able from FUIIFILM Wako Pure Chemical Corporation,
degree of polymerization: 22,000 to 70,000) was mixed with
1.6 parts of magnesium chloride hexahydrate and 94 .4 parts
by water, and the mixture was stirred at 25° C. until a
homogeneous aqueous solution was prepared, to thereby
produce a target product.

Example 1: Production of Gel Dosimeter
Containing Gelatin as Gelator

3 parts of N,N'-methylenebisacrylamide (available from
FUIIFILM Wako Pure Chemical Corporation), 5 parts of
gelatin (available from Sigma-Aldrich), 8 parts of N-vi-
nylpyrrolidone (available from Tokyo Chemical Industry
Co., Ltd.), 1 part of glucose (available from JUNSEI
CHEMICAL CO., LTD.), and 10 ppm of glucose oxidase
(available from Tokyo Chemical Industry Co., Ltd.) were
added to 88 parts of water, and the mixture was heated at 45°
C. to 50° C. and stirred until homogeneity was achieved. The
resultant mixture was charged 1into a 15 mL PET container,
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and then allowed to stand still at 20° C. to 25° C. for 24
hours, to thereby prepare a target product for X-ray irradia-
tion experiment.

Example 2: Production of Gel Dosimeter
Containing Water-Soluble Organic Polymer, Silicate
Salt, and Dispersant for Silicate Salt as Gelator

3 parts of N,N'-methylenebisacrylamide (available from
FUIIFILM Wako Pure Chemical Corporation), 1.5 parts of
N,N-dimethylacrylamide (available from Tokyo Chemical
Industry Co., Ltd.), 1 part of glucose (available from JUN-
SEI CH. JMICAL CO., LTD.), and 10 ppm of glucose
oxidase (available from Tokyo Chemical Industry Co., Ltd.)
were added to 66.5 parts of water, and the mlxture was
stirred at 20° C. to 25° C. until homogeneity was achieved.
To the mixture was added 11 parts of the aqueous solution
of highly-polymerized sodium polyacrylate produced in
Production Example 2, and the resultant mixture was stirred
at 20° C. to 25° C. until homogeneity was achieved. To the
mixture was added 11 parts of the aqueous dispersion of
silicate salt produced in Production Example 1, and the
resultant mixture was stirred at 20° C. to 25° C. for three
minutes. The resultant mixture was charged ito a 15 mL
PET container, and then allowed to stand still at 20° C. to
25° C. for 24 hours, to thereby prepare a target product for
X-ray 1rradiation experiment.

Experimental Example 1: X-Ray Irradiation
Experiment of Gel Dosimeter

The gel dosimeter sample prepared in Example 1 or
Example 2 was 1rradiated with X-rays with an X-ray irra-
diation apparatus (MBR-1520R-4, available from Hitachi
Power Solutions Co., Ltd.). Specifically, the sample was
irradiated with X-rays at 0.5, 1, 3, 5, or 7 Gy under the
following conditions: tube voltage: 150 kV, tube current: 20
mA. The 1rradiated sample was analyzed by MRI using 3T
MRI (Prisma, available from Siemens). Mixed turbo spin
echo sequence was applied as a pulsed magnetic field for
analysis, and the T, relaxation time of the sample was
acquired to thereby calculate R, (1.e., 1/T,) and AR, (taking
R, of non-1rracdhated sample as 0). FIG. 1 1s a graph showing
the correlation between AR, and wrradiated X-ray dose in
Examples 1 and 2. FIG. 2 shows the state of the dosimeter
alter X-ray irradiation (Example 1: 0, 0.5, 1, 3, 5, and 7 Gy
irradiation (from left to right)), and FIG. 3 shows the state
of the dosimeter after X-ray irradiation (Example 2: 0, 0.5,
1, 3, 5, and 7 Gy 1rradiation (from left to right)).

Example 3: Production of Gel Dosimeter
Containing Glucose and Glucose Oxidase as
Deoxygenating Agent

1.5 parts of N,N'-methylenebisacrylamide (available from
FUIIFILM Wako Pure Chemical Corporation), 1.5 parts of
N,N-dimethylacrylamide (available from Tokyo Chemical

Industry Co., Ltd.), 6 parts of 4-acryloylmorpholine (avail-
able from Tokyo Chemical Industry Co., Ltd.), 20 parts of

SNOWTEX ST-OXS (available from Nissan Chemical Cor-
poration, solid content concentration: 10%), 1 part of glu-
cose (available from JUNSEI CHEMICAL CO., LTD.), and
10 ppm of glucose oxidase (available from Tokyo Chemical
Industry Co., Ltd.) were added to 70 parts of water, and the
mixture was stirred at 20° C. to 25° C. until homogeneity
was achieved. To the mixture was added 11 parts of the
aqueous solution of highly-polymerized sodium polyacry-
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late produced i Production Example 2, and the resultant
mixture was stirred at 20° C. to 25° C. until homogeneity
was achieved. To the mixture was added 11 parts of the
aqueous dispersion of silicate salt produced in Production
Example 1, and the resultant mixture was stirred at 20° C. to
25° C. for three minutes. The resultant mixture was charged
into a mL, PET container, and then allowed to stand still at
20° C. to 25° C. for 24 hours, to thereby prepare a target
product for X-ray 1rradiation experiment.

Production Example 3: Production of Aqueous
Dispersion of Silicate Salt

6 parts of LAPONITE XLG (available from BYK Addi-
tives & Instruments) were mixed with 1.7 parts of 35%
aqueous solution of lowly-polymerized sodium polyacrylate
(average molecular weight: 15,000, available from Sigma-
Aldrich), 10 parts of glycerin, parts of citric acid monohy-
drate, and 81.8 parts of water, and the mixture was stirred
with a magnetic stirrer at 25° C. until a homogeneous
aqueous dispersion was prepared, to thereby produce a target
product.

Production Example 4: Production of Aqueous
Solution of Highly-Polymerized Sodium
Polyacrylate

2 parts of highly-polymerized sodium polyacrylate (avail-
able from FUIIFILM Wako Pure Chemical Corporation,
degree of polymerization: 22,000 to 70,000) was mixed with
10 parts of glycerin, 1 part of trisodium citrate dihydrate, 0.5
parts of citric acid monohydrate, and 86.5 parts of water, and
the mixture was stirred with a magnetic stirrer at 25° C. until
a homogeneous aqueous solution was prepared, to thereby
produce a target product.

Comparative Example 1: Production of Gel
Dosimeter Containing Water-Soluble Organic

Polymer, Silicate Salt, and Dispersant for Silicate
Salt as Gelator

3 parts of N,N'-methylenebisacrylamide (available from
FUIIFILM Wako Pure Chemical Corporation), 8 parts of
N-vinyl-2-pyrrolidone (available from Tokyo Chemical
Industry Co., Ltd.), and 200 ppm of hydroquinone were
added to 65.8 parts of water, and the mixture was stirred at
20° C. to 25° C. until homogeneity was achieved. To the
mixture were added 11 parts of the aqueous solution of
highly-polymerized sodium polyacrylate produced in Pro-
duction Example 4, and 1.2 parts (corresponding to 50 mM)
of 80% aqueous solution of tetrakis(hydroxymethyl)-phos-
phonium chloride (available from Tokyo Chemical Industry
Co., Ltd.), and the resultant mixture was stirred. The mixture
was cooled to 3° C. or lower, and then 11 parts of the
aqueous dispersion of silicate salt produced in Production
Example 3 was added to the mixture, followed by stirring for
one minute. The resultant mixture was charged into a 30 mL
PET container, and then allowed to stand still at 20° C. to
25° C. for 24 hours, to thereby prepare a target product for
X-ray 1rradiation experiment.

Experimental Example 2: Room Temperature
Storage Experiment

Target products prepared 1n Example 3 and Comparative
Example 1 were rradiated with X-rays 1n the same manner
as 1 Experimental Example 1 one day after preparation of
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the products. Separately prepared target products of
Example 3 and Comparative Example 1 were allowed to
stand still 1n a room at a temperature of 23° C. to 25° C. for
two weeks, and then the target products were 1rradiated with
X-rays 1n the same manner as in Experimental Example 1.
Each of the irradiated samples was analyzed in the same
manner as 1n Experimental Example 1, to thereby calculate
AR, . FIG. 4 15 a graph showing the correlation between AR,
and 1rradiated X-ray dose 1n Example 3 after one day and
alter two weeks. FIG. 5 1s a graph showing the correlation
between AR, and irradiated X-ray dose in Comparative
Example 1 after one day and after two weeks. As indicated
by the comparison between the results shown 1n FIG. 4 and
FIG. 5, a conventional gel dosimeter containing tetrakis
(hydroxymethyl)phosphonium chloride as a deoxygenating
agent was almost completely inactivated after two weeks of
room temperature storage, whereas the gel dosimeter of the
present invention containing glucose and glucose oxidase as
a deoxygenating agent underwent no change in X-ray irra-
diation sensitivity even after two weeks of room temperature
storage. Thus, the gel dosimeter of the present invention was
found to exhibit superior room temperature storage stability.

INDUSTRIAL APPLICABILITY

The gel dosimeter of the present mnvention for a radiation
dosimeter can be readily produced from industrially easily
avallable raw materials, and exhibits excellent irradiation
sensitivity, linearity, and storage stability. Thus, the gel
dosimeter can be applied to various radiation therapies.

The 1nvention claimed 1s:

1. A gel dosimeter for radiation dosimetry comprising: a
radically polymerizable monomer, a gelator, glucose, and
glucose oxidase.

2. The gel dosimeter for radiation dosimetry according to
claim 1, wherein the gelator 1s one or more selected from the
group consisting of: gelatin, agarose, xanthan gum, carra-
geenan, gellan gum, chitosan, alginic acid, sodium, potas-
sium, magnesium, and calcium salts thereof, including par-
tially neutralized products thereof.

3. The gel dosimeter for radiation dosimetry according to
claim 1, wherein the gelator contains polyvinyl alcohol and
glutaraldehyde, or borax.

4. The gel dosimeter for radiation dosimetry according to
claim 1, wherein the gelator contains a water-soluble organic
polymer having an organic acid structure, an organic acid
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salt structure, or an organic acid anion structure, a silicate
salt, and a dispersant for the silicate salt.

5. The gel dosimeter for radiation dosimetry according to
claam 4, wherein the water-soluble organic polymer 1s a
completely neutralized or partially neutralized polyacrylic
acid salt having a weight average molecular weight of

1,000,000 to 10,000,000, or a mixture thereof.

6. The gel dosimeter for radiation dosimetry according to
claim 4, wherein the silicate salt 1S one or more water-
swellable silicate salts selected from the group consisting of
smectite, bentonite, vermiculite, and mica.

7. The gel dosimeter for radiation dosimetry according to
claim 4, wherein the dispersant 1s one or more selected from
the group consisting of sodium orthophosphate, sodium
pyrophosphate, sodium tripolyphosphate, sodium tetraphos-
phate, sodium hexametaphosphate, sodium polyphosphate,
sodium etidronate, sodium poly(meth)acrylate, ammonium
poly(meth)acrylate, a sodium acrylate/sodium maleate
copolymer, an ammonium acrylate/ammonium maleate
copolymer, sodium hydroxide, hydroxylamine, sodium car-
bonate, sodium silicate, polyethylene glycol, polypropylene
glycol, sodium humate, sodium ligninsulfonate, and potas-
sium salts corresponding to these salts.

8. The gel dosimeter for radiation dosimetry according to
claim 1, wherein the radically polymerizable monomer 1s a
water-soluble polymerizable monomer.

9. The gel dosimeter for radiation dosimetry according to
claim 1, which further comprises a water-soluble polytunc-
tional acrylamide monomer as a crosslinking agent.

10. The gel dosimeter for radiation dosimetry according to
claam 1, which further comprises water-dispersible inor-
ganic microparticles as a sensitizer.

11. The gel dosimeter for radiation dosimetry according to
claim 1, which fturther comprises, a polymerization inhibitor,
a radical scavenger, or an antioxidant as a stabilizer.

12. The gel dosimeter for radiation dosimetry according to
claim 1, which further comprises a buliler.

13. The gel dosimeter for radiation dosimetry according to
claim 12, wherein the bufler 1s one or more acids selected
from the group consisting of phosphoric acid, citric acid,

acetic acid, boric acid, tartaric acid, salts of these acids, Tris,
and HEPES.
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